Role of Platelets in Arterial Thrombosis {#s1}
========================================

Myocardial infarction (MI) is generally a consequence of unstable atherosclerotic plaque rupture or erosion, caused by endothelial damage ([@B1]). In patients with ST-segment elevation myocardial infarction (STEMI), the rupture of atherosclerotic plaque is associated with exposure of the lipid core and subendothelial collagen fibers, both of which initiate activation of platelets, and thrombus formation that usually lead to acute obstruction of the coronary artery ([@B1]). On the other hand, in patients with non-ST segment elevation myocardial infarction (NSTEMI) the MI is usually caused by a clot formed on unstable coronary plaque, which does not produce complete obstruction of the artery lumen ([@B1]). Excessive activation and aggregation of platelets play a pivotal role in the pathogenesis of both types of MI ([@B2]). Platelets are the smallest, anuclear morphotic elements of the blood, which derive from megakariocytes and live 7--10 days. Their surface is covered with multiple receptors and their organelle include factors promoting the clot formation ([Figure 1](#F1){ref-type="fig"}). Platelets are responsible for the primary hemostasis, that consists of platelet adhesion, secretion, and aggregation ([@B2]). Vascular injury and exposure of the von Willebrand factor initiates platelets adhesion and activation, as a result the surface integrins α~2~β~1~ and α~2b~β~3~ (also called GP IIb/IIIa) gain high affinity to collagen and fibrinogen ([@B3], [@B4]). One of the most powerful modulators of platelet function is ADP, the main agonist of platelet P2Y~1~ and P2Y~12~ receptors ([@B5]). Stimulation of the P2Y~1~ receptor results in phospholipase C activation ([@B6], [@B7]), while stimulation of the P2Y~12~ receptor deactivates adenyl cyclase resulting in termination of cyclic adenosine monophosphate production, translating into lack of inhibition of the phospholipase C ([@B8]). Stimulation of both P2Y receptors leads to hydrolysis of phosphatidylinositol by the activated phospholipase C to triphosphate inositol and diacylglycerol ([@B3]). Triphosphate inositol is responsible for opening of the membrane calcium channels and influx of calcium, which facilitates cytoskeleton modification and change of shape to spherical, transport of α granules and dense bodies to the central part and release of their components ([@B6]). The process of aggregation is based on bridging of two neighboring platelets with fibrinogen, via activated GP IIb/IIIa platelet membrane receptors, allowing formation of the primary clot ([@B9]). Further platelet activation initiates next phase of platelet aggregation associated with cyclooxygenase-1 mediated production of thromboxane A~2~ from arachidonic acid. Thromboxane A~2~ further promotes platelet aggregation and vasoconstriction ([@B10]). The next stage is secondary hemostasis, it is initiated by platelet products and mediated by coagulation factors ([@B2]). Undesired platelet activation, leading to clot formation inside the coronary arteries explains the pathomechanism of MI and stent thrombosis---a possibly lethal complication of percutaneous coronary intervention (PCI) with stent implantation ([@B1], [@B11]).

![An overview of platelet structure. ADP, adenosine diphosphate; ATP, adenosine triphosphate; IGF, insulin-like growth factor; PAI-1, plasminogen activator inhibitor; PDGF, platelet-derived growth factor; TGF-β, transforming growth factor beta; VEGF, vascular endothelial growth factor.](fcvm-06-00176-g0001){#F1}

Antiplatelet Agents {#s2}
===================

Current armamentarium of antiplatelet agents includes four groups of drugs and is summarized in [Table 1](#T1){ref-type="table"}.

###### 

Groups of antiplatelet agents.

![](fcvm-06-00176-i0001)

*\*Level of evidence A in ST-elevation acute myocardial infarction, level of evidence B in non-ST-elevation acute coronary syndromes. ACS, acute coronary syndrome; ADP, adenosine diphosphate; ESC, European Society of Cardiology; PAR-1, protease-activated receptor 1*.

Aspirin
-------

Aspirin represents the cornerstone of antithrombotic therapy. Aspirin is an irreversible antagonist of the cyclooxygenase-1, that blocks the production of the thromboxane A~2~--one of the most powerful promoters of platelet aggregation ([@B13]). In patients with acute coronary syndrome (ACS), an initial oral loading dose of 150--300 mg of non-enteric coated formulation is recommended, followed by 75--100 mg once daily regimen ([@B12], [@B14], [@B15]). Life-long maintenance therapy with acetylsalicylic acid is indicated in all patients in secondary prevention of coronary artery disease ([@B16]). Although arachidonic acid induced platelet aggregation varies according to several variables (as age or sex), no routine monitoring of its treatment is required ([@B15], [@B17]). In case of aspirin intolerance, chronic clopidogrel therapy is recommended as an alternative ([@B16]).

P2Y~12~ Receptor Antagonists
----------------------------

Dual antiplatelet therapy, composed of an aspirin and an antagonist of the platelet P2Y~12~ receptor, is a foundation of modern ACS therapy. There are three types of purinergic receptors: P2X~1~, P2Y~1~, and P2Y~12~ on the platelet surface, but only the P2Y~12~ has become a target for antithrombotic therapies that is used in everyday clinical practice ([@B17]). ADP is an agonist of the P2Y~12~ receptors. It activates the P2Y~12~ receptor via stimulation of the G~α*i*2~ protein, which deactivates adenyl cyclase translating into decreased cyclic adenosine monophosphate synthesis, which is responsible for phospholipase C inhibition, thus leading to platelet aggregation ([@B8]). Stimulation of the G~α*i*2~ protein by ADP activates also the GP IIb/IIIa receptor leading to induction of fibrinogen bridging, and initiation of the secretion of platelet derived products ([@B18]).

Contemporary armamentarium of the P2Y~12~ receptor inhibitors includes two thienopyridines: clopidogrel and prasugrel, and two non-thienopyridine drugs: ticagrelor and cangrelor ([@B19]). Thienopyridines are oral pro-drugs demanding hepatic activation via cytochrome P450, their metabolites irreversibly bind to the P2Y~12~ receptors for 7--10 days, which may impact the time to surgery after cessation ([@B20]). Whereas, both non-thienopyridines are potent, reversible and direct acting drugs, characterized by different route of administration---ticagrelor is administered orally, while cangrelor intravenously. Beside antiplatelet action, P2Y~12~ receptor inhibitors seem to exert a whole palette of pleiotropic effects including: increased adenosine plasma concentration in ticagrelor treated patients leading to increase in adenosine-related coronary blood flow, cardioprotection, promotion of the release of anticoagulative factors ([@B21]). These off-platelet effects are also associated with dyspnea and bradycardia. Additional off-target effects include improvement in peripheral arterial function and endothelial function, plaque stabilization and post-conditioning mimetic effect with cangrelor observed in animal models ([@B22]). Basic characteristic of all four P2Y~12~ receptor antagonists is presented in [Table 2](#T2){ref-type="table"}.

###### 

Characteristics of P2Y~12~ receptor antagonists.

  ----------------------------------------------------------------------------------------------------------------------------------
                                                 **Clopidogrel**     **Prasugrel**     **Ticagrelor**         **Cangrelor**
  ---------------------------------------------- ------------------- ----------------- ---------------------- ----------------------
  Chemical group                                 Thienopyridine      Thienopyridine    Cyclopentyl\           Cyclopentyl\
                                                                                       -triazolo-pyrimidine   -triazolo-pyrimidine

  Prodrug (requiring hepatic activation)         Yes                 Yes               No                     No

  Loading dose                                   300/600 mg          60 mg             180 mg                 30 μg/kg bolus

  Maintenance dose                               75 mg               10 mg             2 × 90 mg              4 μg/kg/min infusion

  Onset of action                                2--4 h              30 min            30 min                 2 min

  Duration of antiplatelet effect                3--10 days          5--10 days        3--4 days              1--2 h

  Excretion route                                Renal and biliary   Renal and feces   Biliary                Renal and feces

  Recommended stop of treatment before surgery   5 days              7 days            3 days                 1 h
  ----------------------------------------------------------------------------------------------------------------------------------

European Society of Cardiology (ESC) guidelines clearly recommend in patients with ACS the use of more potent antiplatelet agents like ticagrelor and prasugrel, with loading doses (ticagrelor 180 mg, prasugrel 60 mg), followed by maintenance doses (ticagrelor 90 mg twice daily, prasugrel 10 mg once daily), limiting the use of clopidogrel to situations when newer agents are not available or contraindicated (600 mg loading dose, followed by 75 mg maintenance dose) ([@B12], [@B14], [@B15]). Ticagrelor can also be used in STEMI patients after fibrinolysis ([@B23]). Moreover, guidelines advise to consider the use of cangrelor in P2Y~12~ receptor inhibitor naïve patients and to continue the infusion for 2 h or until the end of PCI ([@B12]). Dual antithrombotic therapy post ACS shall be continued for up to 12 months, unless there are contraindications such as excessive risk of bleeding. Noteworthy, in high ischemic-risk patients, who have not suffered from bleeding, dual antiplatelet therapy with ticagrelor in reduced dose of 60 mg twice daily may be maintained beyond 1 year for up to 3 years ([@B12]). In patients with chronic coronary syndromes undergoing PCI, dual antithrombotic regimen composed of aspirin and clopidogrel remains the well-known standard of care, while ticagrelor or prasugrel use is limited to high-risk situations like previous stent thrombosis ([@B16]). In general, after elective stent implantation P2Y~12~ inhibitor should be continued for up to 6 months ([@B12]). Of note, in high bleeding risk patients with chronic coronary syndrome, dual antiplatelet therapy can be shortened to 1 month, while in those post ACS with high ischemic and low bleeding risk it may prolonged for up to 30 months ([@B12], [@B16]). A special population of interest represents patients who require combination of antiplatelet therapy and anticoagulation. Recently, it has been shown that among patients with atrial fibrillation and chronic coronary syndrome (\>1-year after the index event), the addition of antiplatelet drugs, as a monotherapy or dual antiplatelet therapy, does not provide added protection against coronary events, but increases the risk of major bleeding ([@B24]).

Glycoprotein IIb/IIIa Receptor Antagonists
------------------------------------------

Another group of antithrombotic agents are inhibitors of the GP IIb/IIIa receptors. These glycoproteins belong to adhesion molecules and are the most abundant platelet surface receptors. Their role in platelet aggregation is pivotal, after activation, and change of conformation they gain high affinity for fibrinogen, von Willebrand factor and prothrombin ([@B25]). Fibrinogen molecule has binding sites on both sides allowing bridging between two neighboring platelets, thus initiating aggregation. In everyday clinical practice we use three intravenous GP IIb/IIIa inhibitors: abciximab, eptifibatide, and tirofiban. Beside potent antiplatelet effect they can exert some off-target actions, mainly anti-inflammatory ([@B26]). The use of GP IIb/IIIa antagonists should be reserved for bail-out situations, if there is evidence of no-reflow or a thrombotic complication (class of recommendation IIa, level of evidence C) ([@B12]). Their use in patients in whom coronary anatomy is not known is not recommended (class of recommendation III, level of evidence A) ([@B12]).

Assessment of Platelet Inhibition Under Antiplatelet Therapies {#s3}
==============================================================

Platelet Function Testing
-------------------------

Many different methods to assess platelet function exist, beginning with the historic golden standard---light transmission aggregometry, that measures the difference between light transmission through platelet rich plasma and platelet poor plasma, assessment of platelet aggregation on fibrinogen-coated microparticles (VerifyNow assay) or metal electrodes (Multiplate analyzer), measurement of the VASP protein phosphorylation (VASP assay), assessment of platelet aggregation *in vitro* in conditions similar to physiological blood flow (PFA-100, PFA-200, Innovance P2Y~12~, IMPACT-R), assessment of the clot strength (thromboelastography), measurement of the thrombocytes number before and after the addition of an agonist (Plateletworks) ([@B27]--[@B29]). It has to be acknowledged that due to great differences in assessment of platelet reactivity between available tests, a diagnosis of either HTPR or LTPR based on one method can be unconfirmed with the use of a different method. According to both American and European groups of experts there are three recommended platelet function tests: the VerifyNow assay, the Multiplate analyzer, and the VASP assay for clinical guidance ([@B30], [@B31]). In the HARMONIC study platelet reactivity values assessed with all three recommended platelet function tests in MI patients treated with ticagrelor correlated well with each other, however a significantly higher correlation was demonstrated between the VerifyNow and Multiplate tests than in other assay combinations ([@B32]). Interestingly, emerging concepts as platelet redox assessment (intracellular concentration of reactive oxygen species, activity of antioxidant enzymes, reduced/oxidized glutathione ratio, level of lipid peroxidation, Cu/Zn ratio, and molecular oxygen consumption) might be potentially useful to establish the platelet-related etiological factors in different disorders and to evaluate the antiplatelet therapies ([@B33]).

High On-Treatment Platelet Reactivity (HTPR)
--------------------------------------------

Numerous studies have shown that up to 40% of patients exhibit HTPR under clopidogrel treatment ([@B34]--[@B42]). There are many potential causes of this phenomenon including clinical variables such as ACS at admission, diabetes mellitus, renal failure, drug-drug interactions, non-adherence to therapy, genetic polymorphism of genes coding cytochrome P450 enzymes (crucial in clopidogrel bioactivation) or glycoprotein P (responsible for clopidogrel absorption in intestines) ([@B37], [@B43]--[@B48]). Recently, an association between the circulating proprotein convertase subtilisin/kexin type 9 (PCSK9) levels, HTPR and ischemic events in ACS patients undergoing PCI were described ([@B49]). There is a clear evidence showing that HTPR on clopidogrel is a significant risk factor for atherothrombotic events, including MI, stent thrombosis, cardiovascular death and cerebrovascular events ([@B40], [@B50]--[@B52]). There are some therapeutic options to overcome HTPR on clopidogrel. HTPR may also affect patients treated with newer, more potent antithrombotic agents such as prasugrel or ticagrelor, mainly within the first hours post loading dose in ACS patients undergoing PCI, when sufficient antiplatelet blockade is particularly desired ([@B52]--[@B56]). However, in a recently published systematic review and meta-analysis, early (\>2 h pre-PCI) vs. late (\<2 h pre-PCI or post-PCI) administration of loading doses of potent antiplatelet agents did not improve ischemic outcomes in more than 60,000 patients, questioning the importance of early loading ([@B57]). In contrast, early clopidogrel loading in ACS or STEMI patients reduced the risk of adverse events ([@B57]). The prevalence of HTPR in patients treated with ticagrelor was significantly lower as compared with those receiving prasugrel in a meta-analysis by Lemesle et al. ([@B58]). It was previously documented that age, gender, food, preloading with clopidogrel or genetic polymorphisms do not affect ticagrelor metabolism or its antiplatelet effect ([@B59]--[@B61]). Diversely, morphine which used to be a golden standard of care for all patients presenting with acute MI, was found to attenuate ticagrelor bioavailability and its antiplatelet action, mainly due to vomiting and decelerating the intestinal passage and absorption of ticagrelor ([@B53], [@B62]). There are few disputed strategies to overcome the morphine-ticagrelor interaction, either by crushing ticagrelor tablets, giving other analgesic, co-administering naloxone or metoclopramide ([@B62]--[@B64]). In a prospective, observational PINPOINT trial it has been found that ticagrelor concentration was reduced and antiplatelet response was delayed in the initial hours of treatment in STEMI patients as compared with NSTEMI patients ([@B65]). In a subsequent analysis, it has been reported that the main determinants of HTPR at 1 and 2 h after ticagrelor loading dose are presence of STEMI and morphine co-administration ([@B66]). Furthermore, the presence of STEMI and diabetes mellitus were found to be associated with impaired metabolism of ticagrelor within first 6 h post ticagrelor loading dose in ACS patients ([@B67]). It has been recently published, that bioavailability of ticagrelor in MI patients managed with mild therapeutic hypothermia after out-of-hospital cardiac arrest is significantly decreased, thus increasing the risk of stent thrombosis, a possibly lethal complication, which is not uncommon in this specific subset of patients ([@B68], [@B69]). The main reasons of insufficient antiplatelet effect of the P2Y~12~ inhibitors in out-of-hospital cardiac arrest survivors treated with mild therapeutic hypothermia are probably impaired gastrointestinal absorption and altered cytochrome activity causing a delay in drug metabolism ([@B69]--[@B71]). The temporary use of cangrelor may be a solution to overcome HTPR while oral antiplatelet agents start to work in resuscitated patients undergoing mild therapeutic hypothermia ([@B72]). A single dose of intravenous morphine in STEMI patients was associated with a delay in the onset of prasugrel action ([@B73]), 65% of critically ill patients display HTPR on prasugrel, mainly due to poor absorption from gastrointestinal tract, as well as increased platelet reactivity induced by generalized inflammation ([@B74]).

Conclusion of the Chapter
-------------------------

i.  HTPR is a significant and modifiable risk factor for cardiac ischemic events and it is present frequently in clopidogrel treated patients.

ii. Patients treated with prasugrel and ticagrelor can display HTPR mainly in the acute phase of treatment, which can be in part related to opioid use.

iii. The routine use of platelet function testing to detect HTPR and undertake action is not recommended by the ESC guidelines. Nevertheless, HTPR should be taken into account, if de-escalation is undertaken from potent P2Y~12~ inhibitors to clopidogrel ([@B12]).

iv. HTPR can be detected by a variety of platelet reactivity testing.

Low On-Treatment Platelet Reactivity (LTPR)
-------------------------------------------

With the introduction of more potent antiplatelet agents the problem of LTPR associated with elevated bleeding risk became a major concern. In the TRITON-TIMI 38 trial the use of prasugrel as compared with clopidogrel was associated with significant increase of non-coronary artery bypass grafting related major bleeding, as well as life-threatening bleeding and bleeding leading to death according to the Thrombolysis in Myocardial Infarction (TIMI) criteria ([@B75]). While in the PLATO trial the administration of ticagrelor as compared with clopidogrel carried similar risk of major bleeding according to the PLATO trial criteria. However non-coronary artery bypass grafting related major bleeding and both major and minor bleeding occurred more frequently in the ticagrelor group ([@B76]).

Data on LTPR and bleeding on clopidogrel therapy comes from few small studies adapting different bleeding scales. Another limitation is low amount of serious bleeding events in those trials and predominant inclusion of low risk stable patients. First study reporting a link between LTPR and bleeding was conducted in 597 ACS patients treated with clopidogrel ([@B77]). In a 1-month observation period there were 16 bleeding episodes (5 serious and 11 small). Patients suffering from bleeding events were characterized by stronger platelet inhibition measured with the light transmission aggregometry (a previous golden standard) or the VASP assay. In a study by Sibbing et al. LTPR on clopidogrel (the cut-off value was based on the ROC curve analysis accounting 18.8 U according to the Multiplate analyzer) affected 39% of 2,533 patients with stable coronary artery disease undergoing PCI. Furthermore, those with LTPR had significantly higher risk of major in-hospital bleeding according to the TIMI criteria ([@B78]). Another study including 246 stable coronary artery disease patients receiving clopidogrel showed a relationship between \>50% platelet inhibition measured with the light transmission aggregometry and occurrence of any bleeding event assessed with the use of very liberal bleeding scale called the BleedScore: 88% of all included bleeding events were superficial bleeding ([@B79]). Importantly, older age and female sex are important predictors of LTPR and of bleeding odds ([@B80], [@B81]).

There are few prospective studies providing a head-to-head comparison of platelet reactivity and bleeding risk in patients on prasugrel vs. ticagrelor ([@B55], [@B82], [@B83]). The first randomized trial included only 96 ACS patients treated with PCI ([@B82]). The half of them received ticagrelor, the other half received prasugrel, and platelet reactivity measurements were performed after 1 month. LTPR was defined as PRI ≤ 20% in the VASP assay and occurred in 58% of ticagrelor recipients and 33% of prasugrel recipients with a lack of relationship between LTPR and bleeding events. Another prospective registry including 512 patients with ACS treated with PCI (278 on ticagrelor, 234 on prasugrel) has shown that patients treated with ticagrelor were characterized by lower platelet reactivity assessed with the use of the VerifyNow device at 1 month post PCI, as compared with prasugrel (33.3 Platelet Reactivity Units (PRU) vs. 84.6 PRU; *p* \< 0.001) ([@B83]). Grade 1 Bleeding Academic Research Consortium (BARC) bleeding events were more frequent in the ticagrelor arm, while grade ≥2 BARC bleeding events rate was similar irrespective of antiplatelet agent used. Another observational study assessing the relationship between occurrence of clinical events and platelet reactivity in 226 ACS patients (105 on ticagrelor and 121 on prasugrel) ([@B55]) indicated that bleeding episodes occurred in patients with platelet reactivity values ≤ 23 U as assessed with the Multiplate Analyzer.

Conclusion of the Chapter
-------------------------

i.  Due to the widespread use of potent P2Y~12~ inhibitors, the LTPR phenotype is frequent.

ii. LTPR is a well-documented risk factor for bleeding complications. Platelet function guided dose-adjustment of potent P2Y~12~ inhibitors may be a potential solution in patients who are presenting with a bleeding event ([@B12]).

Therapeutic Window Strategy
---------------------------

Based on the growing body of evidence showing an association between HTPR and ischemic events, and LTPR with bleeding events, the therapeutic window hypothesis was developed. It suggests that patients with platelet reactivity values within the middle range achieve the best net clinical benefit ([@B28], [@B84]). According to the European group of experts, the cut-off values for HTPR are as following: the VerifyNow assay \>208 PRU, the Multiplate analyzer \>46 Units (U) and the VASP assay \>50% Platelet Reactivity Index (PRI) ([@B31]). The cut-off values for LTPR are as following: the VerifyNow assay \<95 PRU, the Multiplate analyzer \<19 U and the VASP assay \<16% PRI.

Conclusion of the Chapter
-------------------------

i.  The therapeutic window strategy to guide antiplatelet therapy might be an attractive strategy to improve patients net clinical benefit in terms of precision medicine.

ii. Clinical randomized trials aiming to answer that question are missing yet.

Studies Investigating Individualized Antiplatelet Treatment to Overcome HTPR ([Table 3](#T3){ref-type="table"}) {#s4}
===============================================================================================================

First small randomized trials comparing individualized antiplatelet therapy vs. standard of care antithrombotic treatment showed favorable results of antithrombotic adjusted therapy with either higher clopidogrel dose or addition of GP IIb/IIIa antagonist ([@B104], [@B106], [@B107], [@B110], [@B113], [@B114]). First large randomized trial that has brought huge disappointment to advocates of the individualized approach was the Gauging Responsiveness with a VerifyNow assay, Impact on Thrombosis and Safety (GRAVITAS) trial showing no benefit of administration of higher clopidogrel dose vs. standard clopidogrel dosing in 2200 low-to-moderate cardiovascular risk patients undergoing PCI with HTPR on-clopidogrel when it comes to death from cardiovascular causes, MI or stent thrombosis (hazard ratio \[HR\] 1.01; 95% confidence interval \[CI\] 0.58--1.76; *P* = 0.97) in a 6 month follow-up ([@B96]). The next negative, similar size study---The Assessment by a Double Randomization of a Conventional Antiplatelet Strategy for Drug-Eluting Stent Implantation and of Treatment Interruption vs. Continuation 1 Year after Stenting (ARCTIC) trial demonstrated that the addition of acetylsalicylic acid, clopidogrel or switch to prasugrel as compared with conventional approach did not show any significant differences in the occurrence of the primary end point composed of death from cardiovascular causes, MI, stent thrombosis, urgent revascularization or stroke (HR 1.13; 95% CI 0.98--1.29; *P* = 0.10) 1 year after stent implantation in a group of 2,440 low-to-moderate cardiovascular risk patients ([@B95]). The third large trial that was prematurely ended and almost entombed the individualized approach was The Testing Platelet Reactivity in Patients Undergoing Elective Stent Placement on Clopidogrel to Guide Alternative Therapy with Prasugrel (TRIGGER-PCI). Trial included only 423 low cardiovascular risk patients with stable coronary artery disease undergoing elective PCI, and the strategy of switch from clopidogrel to prasugrel in those with HTPR on-clopidogrel did not bring reduction in the primary endpoint composed of death from cardiovascular causes and MI with concomitant increase in TIMI major bleeding at 6 months ([@B94]).

###### 

Studies investigating individualized antiplatelet treatment.

  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  **Study author/acronym**      **Population**                     ***n***   **Follow-up**   **Outcome**                                     **Method**    **Cut-off value**   **Study type**
  ----------------------------- ---------------------------------- --------- --------------- ----------------------------------------------- ------------- ------------------- --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  ELECTRA ([@B85])              MI                                 52        14 days         Level of platelet inhibition                    VASP assay\   16% for LTPR,\      CRT: ticagrelor standard maintenance dose 2 × 90 mg vs. ticagrelor reduced maintenance dose 2 × 60 mg in patients 30 days post MI
                                                                                                                                             \             50% for HTPR;\      
                                                                                                                                             and MEA       19 U for LTPR\      
                                                                                                                                                           46 U for HTPR       

  TOPIC ([@B86])                PCI for ACS                        646       1 year          MACE, BARC ≥2 bleeding                          n/a           n/a                 CRT: continuation of ticagrelor/prasugrel vs. switch to clopidogrel in patients 1 month post ACS

  TROPICAL-ACS ([@B87])         PCI for ACS                        2,610     1 year          Net clinical benefit:MACE or BARC ≥2 bleeding   MEA           46 U                CRT: guided de-escalation: 7 days prasugrel 5 or 10 mg + 7 days clopidogrel 75 mg after 14 days if HTPR prasugrel 5 or 10 mg, if no HTPR clopidogrel 75 mg vs. non-guided prasugrel 5 or 10 mg

  ANTARCTIC ([@B88])            PCI for ACS                        877       1 year          ST, MACE, BARC major bleeding                   VerifyNow     208PRU for HTPR\    CRT: guided: in case of HTPR on prasugrel 5 mg swtich to prasugrel 10 mg, in case of LTPR on prasugrel 5 mg switch to clopidogrel 75 mg vs. non-guided prasugrel 5 mg
                                                                                                                                                           85 for LTPR         

  PECS REGISTRY ([@B89])        ACS+PCI                            741       1 year          ST, MACE, BARC major bleeding                   MEA           46 U                Observational: 600/150 mg clopidogrel vs. prasugel in patients with HTPR

  IDEAL-PCI ([@B90])            PCI                                1,008     1 month         ST                                              MEA           50 U                Observational: non-HTPR on clopidogrel arm vs. HTPR on clopidogrel individualized approach (reloading with clopidogrel, ticagrelor, or prasugrel; re-testing)

  ISAR-HPR ([@B91])             PCI for CAD or ACS                 999       1 month         ST, MACE, TIMI bleeding                         MEA           468AUxmin           Retrospective HTPR on clopidogrel arm vs. prospective HTPR on clopidogrel individualized approach arm (reloading with clopidogrel, switch to prasugrel, re-testing)

  MADONNA ([@B92])              PCI                                798       1 month         ST, MACE, TIMI major bleeding                   MEA           50 U                Non-randomized, controlled: non-guided vs. guided group (up to 4 loadings with 600 mg clopidogrel or 1 loading with prasugrel in patients with HTPR)

  Kozinski et al. ([@B93])      ACS+PCI                            71        1 month         Level of platelet inhibition                    VASP assay    50%                 Parallel-group, open-label study: patients with HTPR were assigned to prasugrel (30 mg loading dose, 10 mg maintenance dose) or clopidogrel (150 mg maintenance dose for 6 days and thereafter 75 mg maintenance dose)

  TRIGGER-PCI ([@B94])          Elective PCI                       423       6 months        MACE, bleeding                                  VerifyNow     208PRU              CRT: prasugrel (loading of 60 mg and maintenance 10 mg) vs. clopidogrel (maintenance 75 mg) in patients with HTPR

  ARCTIC ([@B95])               PCI with DES                       2,440     1 year          MACE                                            VerifyNow     235PRU              CRT: guided: clopidogrel (600 mg reloading and 75 mg or 150 mg maintenance) or prasugrel (60 mg loading and 10 mg maintenance) or GP IIb/IIIa inhibitors vs. non-guided: clopidogrel (maintenance 75 mg) in patients with HTPR

  GRAVITAS ([@B96])             PCI for CAD or NSTE-ACS            2,214     6 months        MACE                                            VerifyNow     230PRU              CRT: 300/75 mg clopidogrel vs. 600/75 mg clopidogrel in patients with HTPR

  Alexopoulos et al. ([@B97])   CAD with clopidogrel treatment     31        1 month         Level of platelet inhibition                    VerifyNow     235PRU              Randomized, crossover: 10 m prasugrel vs. 150 mg clopidogrel in patients with htpr

  Alexopolus et al. ([@B98])    HD with clopidogrel treatment      21        1 month         Level of platelet inhibition                    VerifyNow     235PRU              Randomized, crossover: 10 m prasugrel vs. 150 mg clopidogrel c

  Capranzano et al. ([@B99])    Clopidogrel treatment + age \>75   100                       Level of platelet inhibition                    VerifyNow     230PRU              Observational: prasugrel in patients with htpr

  Ferreiro et al. ([@B100])     DMII                               30                        Level of platelet inhibition                    VASP assay    50%                 Observational: cilostazol vs. 150 mg clopidogrel in patients with HTPR

  BOCLA Plan ([@B101])          PCI                                504                       Level of platelet inhibition                    IA            5 Ω                 Observational: 600/150 mg clopidogrel vs. ticlopidine vs. prasugrel in patients with HTPR

  Gurbel et al. ([@B102])       Stable CAD + previous PCI          20        7 days          level of platelet inhibition                    LTA           43%                 Observational: single dose elinogrel 60 mg in patients with HTPR

  RESPOND ([@B103])             Stable CAD + clopidogrel           41        1 month         Level of platelet inhibition                    LTA           43%                 CRT crossover: ticagrelor 180/90 mg vs. clopidogrel 600/75 mg

  Valgimigli et al. ([@B104])   Elective PCI                       263       In hospital     MACE                                            VerifyNow     235PRU              CRT: tirofiban vs. placebo in patients with HTPR

  ACCEL-RESISTANCE ([@B105])    PCI                                60        1 month         Level of platelet inhibition                    LTA           50%                 CRT: adjunctive cilostazol vs. 150 mg clopidogrel in patients with HTPR

  Bonello et al. ([@B106])      PCI                                429       1 month         MACE, ST, bleeding                              VASP assay    50%                 CRT: guided (repeated loading with clopidogrel 600 mg) vs. non-guided group

  Bonello et al. ([@B107])      PCI                                162       1 month         MACE                                            VASP assay    50%                 CRT: guided (repeated loading with clopidogrel 600 mg) vs. non-guided group

  VASP-02 ([@B108])             Elective PCI                       153       1 month         MACE, level of platelet inhibition              VASP assay    69%                 Observational: 150 mg clopidogrel in patients with HTPR

  Trenk et al. ([@B109])        Elective PCI                       117       14 days         Level of platelet inhibition                    LTA           14%                 Observational: 150 mg clopidogrel vs. control in patients with HTPR

  Cuisset et al. ([@B110])      Elective PCI                       149       1 month         MACE                                            LTA           70%                 CRT: GP IIb/IIIa antagonists vs. control in patients with HTPR

  Matezky et al. ([@B111])      MI                                 200       10 weeks        Level of platelet inhibition                    LTA           80%                 Observational: 600/150 mg clopidogrel in patients with HTPR

  Neubauer et al. ([@B112])     Elective PCI                       161                       Level of platelet inhibition                    IA            5 Ω                 Observational: 600/150 mg clopidogrel vs. ticlopidine in patients with HTPR
  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

*ACS, acute coronary syndrome; BARC, Bleeding Academic Research Consortium; CAD, coronary artery disease; CRT, controlled randomized trial; CYP, cytochrome P450; DM, diabetes mellitus; HD, haemodialysis; HTPR, high on-treatment platelet reactivity; IA, impedance aggregometry; LTA, light transmission aggregometry; LTPR, low on-treatment platelet reactivity; MACE, major adverse cardiovascular event; MEA, multiple electrode aggregometry; MI, myocardial infarction; n/a, not applicable; NSTE-ACS, non ST-elevation acute coronary syndrome; PCI, percutaneous coronary intervention; PRU, platelet reactivity unit; ST, stent thrombosis; TIMI, thrombolysis in myocardial infarction; U, unit; VASP, vasodilator stimulated phosphoprotein*.

More promising results on the conception of individualized approach were shown by some prospective registries ([@B89], [@B90], [@B92]). The MADONNA registry, which included 798 patients (more than one third of them had MI), has shown that the non-guided group had significantly higher risk of stent thrombosis (odds ratio \[OR\] 7.9; 95% CI 1.08--69.2; *p* = 0.048) at 30 days as compared with individualized therapy group ([@B92]). In the IDEAL-PCI registry the main strategy to overcome HTPR was a switch to a more potent antithrombotic agent (mainly prasugrel). At 30 days, there was only one definite stent thrombosis in the non-guided group ([@B90]). In the PECS registry, including only ACS patients, those with HTPR received either higher clopidogrel dose or prasugrel, while those below HTPR threshold received conventional clopidogrel therapy ([@B89]). The primary endpoint composed of all-cause death, MI, stent thrombosis or stroke at 1 year occurred more frequently in patients treated with higher clopidogrel doses than in conventional treatment group (HR 2.27; 95% CI 1.45--3.55; *p* \< 0.0001), while the risk of ischemic events in prasugrel recipients was similar to conventional treatment arm (HR 0.90; 95% CI 0.44--1.81; *p* = 0.76). Worth adding is the fact that bleeding events (3/5 according to the BARC scale) were also more frequent in the higher clopidogrel dose group vs. conventional group (HR 2.09; 95% CI 1.05--4.17; *p* = 0.04), while in prasugrel recipients it was similar to conventional treatment arm (HR: 1.90; 95% CI 1.17--3.08; *p* = 0.01).

After failure of the first randomized trials investigating individualized antithrombotic therapy and some favorable data from registries, long-awaited results of the Platelet function monitoring to adjust antiplatelet therapy in elderly patients stented for an acute coronary syndrome (ANTARCTIC) randomized study were recently published ([@B88]). The study was designed for elderly population including patients over 75 years old undergoing PCI for ACS. Participants were divided into two groups. In the monitoring group, patients received prasugrel 5 mg daily with dose or drug adjustment in case of HTPR, while in conventional group patients were treated with prasugrel 5 mg daily. Platelet function was tested with the VerifyNow assay. The cutoff values for HTPR and LTPR were based on the American consensus of experts, accounting ≥208 for ischemic events and ≤ 85 for bleeding events ([@B30]). The primary endpoint composed of cardiovascular death, myocardial infarction, stroke, stent thrombosis, urgent revascularization, and BARC-defined bleeding complications (types 2, 3, or 5) occurred in 120 (28%) patients in the monitoring group vs. 123 (28%) in the conventional group (HR 1.003, 95% CI 0.78--1.29; *p* = 0.98). Rates of bleeding events did not differ significantly between groups. Drug or dose adjustment based on platelet reactivity measurements did not improve the clinical outcome in a group of elderly patients undergoing PCI for ACS.

Conclusion of the Chapter
-------------------------

i.  Trials on individualized antiplatelet approach had many limitations. These concerns are mainly due to the chosen low cardiovascular risk populations (mostly stable coronary disease patients), use of different cut-off points for HTPR, predominant use of higher clopidogrel doses instead of more potent antiplatelet agents to overcome HTPR, only single switch to other dose or antiplatelet agent, delayed time of randomization (after PCI or even day after PCI) and chosen compounds of the primary endpoint ([@B34]).

ii. Real life data from the registries showed more promising results.

Studies Investigating de-Escalation of antiplatelet Treatment {#s5}
=============================================================

TROPICAL
--------

The randomized trial Testing Responsiveness to Platelet Inhibition on Chronic Antiplatelet Treatment for Acute Coronary Syndromes (TROPICAL-ACS) assessed guided de-escalation of antiplatelet treatment in patients with MI treated with PCI in 2,610 patients ([@B87]). Investigators of the TROPICAL-ACS trial aimed to test safety and efficacy of antithrombotic treatment de-escalation from prasugrel in the acute phase of ACS to clopidogrel in the chronic phase based on platelet reactivity measured with the Multiplate analyzer. 1,304 patients were included to the de-escalation study arm. Participants were treated with prasugrel for a week, and then switched to clopidogrel for a week and after 14 days platelet reactivity assessment was performed resulting in either continuation of clopidogrel therapy or in case of HTPR switch back to prasugrel. In the conventional study arm, 1,306 patients were treated with prasugrel for 12 months. The primary endpoint was the net clinical benefit (cardiovascular death, MI, stroke or bleeding grade 2 or higher according to BARC criteria) and it occurred in 95 patients (7%) in the guided de-escalation group and in 118 patients (9%) in the control group (p~non−inferiority~ = 0.0004; HR 0.81; 95% CI 0.62--1.06; p~superiority~ = 0.12). Despite early de-escalation, there was no increase in the primary endpoint of ischemic events in the de-escalation group (32 patients \[3%\]) vs. the control group (42 patients \[3%\]; p~non−inferiority~ = 0.0115), with similar frequency of BARC 2 or higher bleeding events in the de-escalation group vs. control group (64 \[5%\] vs. 79 \[6%\]; HR 0.82; 95% CI 0.59--1.13; *p* = 0.23). It is worth underlining that the trial was designed to test the non-inferiority hypothesis and the analysis was intention to treat. As a consequence, the platelet reactivity-guided antithrombotic drug de-escalation was non-inferior to recommended conventional 12 months prasugrel therapy at 1 year after PCI in MI patients in terms of the net clinical benefit.

TOPIC
-----

In the TOPIC (timing of platelet inhibition after acute coronary syndrome) randomized study, 645 patients 1 month after ACS were randomly assigned to either continuation of dual antiplatelet therapy composed of aspirin and potent antiplatelet agent or de-escalation to aspirin and clopidogrel ([@B86]). Drug de-escalation occurred without platelet function testing, however all patients underwent platelet reactivity assessment with the use the VASP assay at the time of randomization. The primary endpoint combining cardiovascular death, urgent revascularization, stroke and bleeding as defined as BARC ≥2 occurred in 85 (26.3%) patients in the unchanged drug group vs. 43 (13.4%) patients in the de-escalation group (HR 95%CI 0.48 (0.34--0.68; *p* \< 0.01), with significant reduction in the occurrence of BARC ≥2 bleeding (48 \[14.9%\] vs. 13 \[4%\]; HR 95%CI 0.30 (0.18--0.50), *p* \< 0.01). Additionally, the subanalysis revealed that at the time of randomization based on the results of platelet function testing, 47% of patients were classified with LTPR. Among this subpopulation, drug de-escalation brought the most prominent reduction in the primary endpoint incidence as compared with continued potent antiplatelet regimen (HR 0.29; 95% CI 0.17--0.51; *p* \< 0.01). Nevertheless, the reduction of bleedings in the de-escalation group was mainly due to TIMI minimal and minor bleedings, with no difference in the major bleeding events.

ELECTRA
-------

In the recently published Effectiveness of LowEr maintenanCe dose of TicagRelor early After myocardial infarction (ELECTRA) study, the antiplatelet efficacy of two ticagrelor maintenance dose regimens (reduced dose of 60 mg twice daily vs. standard dose of 90 mg twice daily) in stable patients at 30 days after acute MI were compared ([@B85]). The trial included 52 patients randomized in 1:1 ratio to the reduced or standard ticagrelor maintenance dose. Platelet function testing with the use of the VASP assay and the Multiplate analyzer were performed 2 weeks after the treatment initiation. There were no significant differences in platelet reactivity between patients treated with reduced vs. standard ticagrelor dose (VASP: 10.4 \[5.6--22.2\] vs. 14.1 \[9.4--22.1\] %PRI; *p* = 0.30; Multiplate: 30.0 \[24.0--39.0\] vs. 26.5 \[22.0--35.0\] U; *p* = 0.26). Importantly, the percentage of patients with HTPR was similar in reduced vs. standard ticagrelor dose (VASP: 4% vs. 8%; *p* = 0.67; Multiplate: 15% vs. 8%; *p* = 0.54). In conclusion, the lower ticagrelor dose provided similar antiplatelet effect to the standard regimen.

Three observational registries aimed to assess the incidence of switching between P2Y~12~ receptor blockers:

TRANSLATE-ACS
-------------

The Longitudinal Assessment of Treatment Patterns and Events after Acute Coronary Syndrome (TRANSLATE-ACS) observational study in 8672 MI patients has reported that P2Y~12~ inhibitor switch occurred in 7.6% of participants ([@B115]). The switches were usually de-escalations from more potent agents to clopidogrel mainly due to economic reasons, while escalations from clopidogrel were mainly promoted by ischemic events.

ATLANTIS-SWITCH
---------------

The recently published, prospective, observational, multicenter ATLANTIS-SWITCH study included 571 ACS patients undergoing PCI treated with ticagrelor (45%) or prasugrel (55%) and investigated the frequency and predictors of either switch or drug discontinuation ([@B116]). The prevalence of P2Y~12~ antagonist stop was 5.9%, and of switch was 6.7% and it was more frequent in ticagrelor recipients as compared with prasugrel (15.9% vs. 9.2%; *p* = 0.016). The majority of stop/switch choices were prompted by physicians (75%), they did not increase the risk of adverse cardiovascular events and were motivated by one of four identified independent predictors: major surgery, need for oral anticoagulation, TIMI major bleeding, or drug intolerance ([@B116]).

SCOPE
-----

The SCOPE registry investigated the incidence of P2Y~12~ inhibitor switching in 1363 patients undergoing PCI ([@B117]). The P2Y~12~ inhibitor switch occurred in 10.5% and was not platelet function based. The authors concluded that de-escalation of antiplatelet treatment from more potent drugs to clopidogrel was an independent predictor of net cerebrovascular event (NACE) defined as a combination of adverse cardiovascular event and any bleeding event (OR 5.3; CI: 2.1--18.2; *p* = 0.04).

Conclusion of the Chapter
-------------------------

De-escalation strategies with use of platelet function testing seem to be safe.

Current Place of Platelet Function Testing in Everyday Clinical Practice {#s6}
========================================================================

The ischemic risk in ACS patients undergoing PCI is relatively high in clopidogrel treated patients due to its heterogenous and unpredictable antiplatelet effect ([@B40], [@B50]). With the common use of more potent antiplatelet agents, increased ischemic risk occurs mainly within first months after ACS, whereas bleeding events are proportional to the duration and intensity of antiplatelet treatment ([@B75], [@B76]). Recently, the idea of de-escalation of antiplatelet therapy was investigated and focused on the net clinical benefit and to minimize the bleeding risk ([@B86], [@B87]). The choice of P2Y~12~ inhibitors offers a chance for individualization of the therapy based on patient characteristics ([@B81], [@B118]). However, the de-escalation trials were powered for minor bleeding events and not for ischemic events. The prolongation studies with P2Y~12~ receptor inhibitors as the DAPT trial or the PEGASUS-TIMI 54 trial indicated benefit for longer treatment with potent drugs as prasugrel or ticagrelor ([@B119], [@B120]). Therefore, in the era of personalized medicine, according to the latest guidelines on myocardial revascularization, platelet function testing guided P2Y~12~ inhibitor de-escalation (e.g., switch from newer more potent drug to clopidogrel after an acute phase) may be considered in ACS patients, particularly those unsuitable for 12-month potent antithrombotic therapy due to the increased bleeding risk (class of recommendation IIb, level of evidence B) ([@B12]). Such drug de-escalation could be deliberated highly risky without platelet function testing guidance, especially when we take under consideration very high variability in response to P2Y~12~ receptor inhibitors. In ACS patients undergoing cardiac surgery, platelet function testing is recommended to guide antiplatelet treatment interruption (class of recommendation IIb, level of evidence B), because the preoperative use of P2Y~12~ inhibitors plus aspirin is associated with increased risk of bleeding and mortality ([@B12], [@B87]).

Conclusions {#s7}
===========

According to the recent guidelines, platelet function testing use is narrowed to certain clinical scenarios, as P2Y~12~ inhibitor de-escalation and guidance of antiplatelet treatment interruption in ACS patients undergoing cardiac surgery ([@B12]). Due to unfavorable results of previous randomized trials its use is not recommended in everyday clinical practice ([@B12], [@B87]). In the course of modern ACS treatment, as directed in the guidelines, a potent P2Y~12~ inhibitor, like prasugrel or ticagrelor, are initiated to prevent ischemic complications, but at the same time taking a risk of increased bleeding. When it comes to a major bleed, a switch to a less potent agent is performed, this time risking possible ischemic complications, leading to a vicious circle. The main goal of the precision-based therapy concept is to provide the right drug in the right dose to fit the needs of an individual patient from the very beginning of the treatment process ([@B29]). The physician\'s choice would then be based on clinical, genetic, cellular and environmental variables. All these data would have to be integrated in an algorithm, as previously proposed ([@B28]). The gathered clinical information (e.g., based on the PREDICT score), results of platelet function testing and genetic status (CYP2C19 carrier) could be used to personalize antiplatelet therapy in patients with high-thrombotic or bleeding risk. Moreover, the precision-based antiplatelet therapies are also cost-effective, as this would reduce unnecessary hospitalizations due to either ischemic or bleeding complications. Such a test should be simple, fast, not expensive, well-validated, user-friendly, and platelet function testing fits pretty well to this description.
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